We experimentally investigate the boiling behavior of impacting ethanol drops on a heated smooth sapphire substrate at pressures ranging from P = 0.13 bar to atmospheric pressure. We employ Frustrated Total Internal Reflection (FTIR) imaging to study the wetting dynamics of the contact between the drop and the substrate. The spreading drop can be in full contact (contact boiling), it can partially touch (transition boiling) or the drop can be fully levitated (Leidenfrost boiling). We show that the temperature of the boundary between contact and transition boiling shows at most a weak dependency on the impact velocity, but a significant decrease with decreasing ambient gas pressure. A striking correspondence is found between the temperature of this boundary and the static Leidenfrost temperature for all pressures. We therefore conclude that both phenomena share the same mechanism, and are dominated by the dynamics taken place at the contact line.
INTRODUCTION
Drop impact on heated surfaces has enjoyed a lot of research attention over the recent years [1, 2] due to its numerous applications, such as in spray cooling, burn-out phenomena and fuel injection [3, 4] . In these processes it is desirable to have a high heat transfer rate between the solid and the liquid which is achieved by a large contact area between the liquid and the substrate. When a substrate is heated above a certain temperature, the drop will hover above the substrate on its own vapour. The low thermal conductivity of the vapour layer insulates the liquid from the substrate, hence the heat transfer from the substrate to the drop is drastically reduced. As a result, the lifetime of a deposited drop increases significantly. The lowest substrate temperature T sur at which this phenomenon occurs is referred to as the Leidenfrost temperature T L [5] [6] [7] . Under reduced ambient pressures the saturation temperature T sat decreases as well, as described by the Antoine equation
a − log 10
that is derived from the Clausius-Clapeyron equation. Orejon et al. [8] suggested an simplified form of this equation to describe T L,static as a function of pressure:
A − B · log 10
with P 0 = 1 bar. Using this relation Orejon et al. [8] were able to fit T L,static (P ) to their experimental results for a wide range of liquids and substrates. This raises the question how well this relation applies to the dynamic Leidenfrost temperature, i.e. the case when the drop is forced onto the heated substrate by an inital downward motion.
For drops impacting a heated surface at atmospheric pressure it is shown that T L increases with increasing impact velocity [9] [10] [11] . Prior to impact a high pressure region is formed between the drop and the substrate, a result of the viscosity of the escaping air [2] .
This causes a deceleration of the drop and the formation of a dimple in the drop before touchdown [12, 13] . Touchdown of the drop on the substrate can be prevented completely in the case of a heated substrate, because the escaping air is replenished by the evaporation of the drop [9, 10, 14] . A more sytimatical study was performed by Shirota et al. [14] , 2 where the boiling behaviour was charaterized into three boiling regimes: contact boiling (CB), transition boiling (TB) and Leidenfrost boiling (LF), depending on the relative behaviour between the wetting and spreading radius. An example is given in Figure 1 , where with increasing plate temperature the wetting radius diminishes and finaly vanishes. The temperature at which a change in boiling behaviour occurs between contact and transition boiling will be referred to as the CB-TB boundary. Similarly, the TB-LF boundary refers to the temperature at which drops enter the Leidenfrost state from the transition boiling regime. A phase diagram for ethanol drops with different impact velocities U and surface temperatures T sur at atmospheric pressure is shown in Figure 2 , reproduced in the current study as a reference to and in agrement with previous results [14, 15] . The blue circles correspond to the radius of the wetted area of a drop in the contact boiling state.
Since it is known that the ambient gas pressure has a great influence on impact dynamics [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , it is interesting to study how heating the substrate affects the touchdown under reduced pressure conditions. A major consequence of lowering the ambient gas pressure in the unheated case is the suppression of splash formation [16] . This phenomenon has been studied extensively both experimentally [16] [17] [18] [21] [22] [23] [24] and numerically [19, 20] , where a crucial role is found for both the wetting of the substrate and the air-liquid interaction [25] .
However since the vapor generation is affected by the change in saturation temperature, it is far from obvious how such a system will behave under various ambient gas pressures. The goal of this study is to investigate the role of the pressure on the wetting dynamics and boiling behaviors.
EXPERIMENTAL ASPECTS
To study the impact behaviour of ethanol drops on a heated surface at various pressures, an FTIR (Frustrated Total Internal Reflection) setup is used as shown in The dependence of the saturation temperature on the pressure of ethanol is shown as the blue solid line.
Phase diagram under reduced pressure
The boiling behavior of the impacting ethanol drops on the heated surface is studied in detail using the FTIR images, enabling us to study the wetting behavior during impact. A selection of the impacts are displayed in Figure 5 contact boiling (CB), transition boiling (TB) and Leidenfrost boiling (LF) [14] . At sufficiently low substrate temperatures T sur , the wetting front of the drop has the same velocity as that of a drop impacting an unheated surface [14] . This is identified as the contact boiling state, see the T sur = 103
• C recordings of Figure 5 . At certain T sur this is no longer 8 observed: the spreading radius R s of the drop exceeds the wetting radius R w of the liquid on the surface. Examples are shown in Figure 5 at T sur = 129
• C at 0.29 bar and T sur = 159
• C at abient pressure. The edge of the drop is levitated above the surface, called the lamella, and this behavior is categorized as transition boiling [14] .At even higher values of T sur the impacting drop does not wet the surface at all, hence it is in the Leidenfrost state, see for instance the recordings at T sur = 194
• C. The temperature at which a change in boiling behavior occurs between contact and transition boiling will be referred to as the CB-TB boundary. Similarly, the TB-LF boundary refers to the temperature at which drops enter the Leidenfrost state from the transition boiling regime.
The resulting phase diagram for ethanol drops with different impact velocities U and surface temperatures T sur at atmospheric pressure was introduced earlier in Figure 2 . The temperature for the CB-TB boundary is at most weakly dependent of U , while the temperature of the TB-LF boundary, i.e. the dynamic Leidenfrost temperature, increases for higher U . This is in agreement with previous results for different liquids [14, 15, 29] .
Pressure effect on boundary between the contact and transition boiling regime
For all ambient pressures the CB-TB boundaries are within the measurement error independent of impact speed, see Figure 6 . This is in correspondence with the trend found for measurements at atmospheric pressure [14, 15] . However, the temperature of the CB-TB boundary lowers with decreasing ambient gas pressure. When this boundary is compared to T L,static (P ) the agreement is striking, suggesting that the latter is determined by the same physical mechanisms as T L (P ).
Pressure effect on the dynamic Leidenfrost temperature
An interesting behavior of the dynamic Leidenfrost temperature is found when varying the ambient gas pressure: we find a collapse for impacts at ambient gas pressures between P = 0.13 and P = 0.54 bar, as shown in Figure 6 . When comparing the dynamic Leidenfrost temperature under reduced pressures with our results at atmospheric conditions we find a slightly lower temperature. On the other hand, the dynamic Leidenfrost temperature lowers with decreasing impact velocity for all ambient gas pressures.
It highlights that the impact dynamics are dominated by the high pressure developing in the drop [30] [31] [32] [33] , rather than the pressure in far field. The complexity of the dynamic Leidenfrost problem is now further increased due to the compressibility of the gas in reduced pressure conditions [20] . Although an enhancement of the evaporation is expected as a result of the lower saturation temperature in reduced pressure conditions, our observations indicate that this does not play a dominant role for the dynamic Leidenfrost temperature. We conclude that the ambient gas pressure has minor influence on the local pressure underneath the drop and thus on the vapour pressure and evaporation rate.
Numerical work showed that at lower ambient gas pressures the shape of the impacting drop changes and the neck widens [20] . Since a larger area is close to the wall, an enhanced vapor generation might be expected, compensating the lower content of air at reduced pressure conditions, but the current work does not allow us to draw firm conclusions on this matter.
CONCLUSIONS
In this study we identified the boiling regimes for ethanol drops on a sapphire substrate for different impact velocities and ambient gas pressures. High speed FTIR imaging is used to observe the wetting of the impacting drops.
The temperature of the boundary between contact boiling and transition boiling systematically decreases when reducing the ambient gas pressure. It showed excellent agreement with the Leidenfrost temperature found here for static drops, from which we conclude that they share the same underlying mechanism. This boundary remained approximately independent of impact velocity, in agreement with previous studies.
On the other hand, we found a collapse of the dynamic Leidenfrost temperature at reduced pressure conditions, slightly below the dynamic Leidenfrost temperature obtained in atmospheric conditions. Combining these two observations reveals that the temperature range where transition boiling is found strongly increases with decreasing pressure. It would be interesting to extend this study to elevated pressures to investigate how this trend develops above atmospheric conditions. One might find a collapse of both boundaries, resulting in the disappearance of 11 the transition boiling regime.
